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METHODS AND APPARATUSES FOR
AERIAL INTERCEPTION OF AERIAL
THREATS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation-in-part of U.S. patent
application Ser. No. 13/455,831, filed Apr. 25, 2012, now

U.S. Pat. No. 9,170,070, 1ssued Oct. 27, 2015, which claims 0

priority to U.S. Provisional Patent Application Ser. No.
61/606,010, filed Mar. 2, 2012. The disclosure of each of
these applications 1s hereby incorporated by reference 1n its
entirety. This application 1s also related to U.S. patent
application Ser. No. 13/839,176, filed Mar. 15, 2013, and
titled “Methods and Apparatuses for Engagement Manage-
ment of Aernial Threats.”

TECHNICAL FIELD

Embodiments of the present disclosure relate generally to
methods and apparatuses for engagement management rela-
tive to a threat and, more particularly, to aerial interception
ol aenal threats.

BACKGROUND

Rocket Propelled Grenades (RPGs) and other human
carried projectiles such as Man-portable Air-Defense Sys-
tems (MANPADS or MPADS) and shoulder-launched Sur-

face-to-Air Missiles (SAMs) represent serious threats to
mobile land and aerial platforms. Even mexperienced RPG
operators can engage a stationary target eflectively from
150-300 meters, while experienced users could kill a target
at up to 500 meters, and moving targets at 300 meters. One
known way of protecting a platform against RPGs 1s often
referred to as active protection and generally causes explo-
s1on or discharge of a warhead on the RPG at a safe distance
away from the threatened platform. Other known protection
approaches against RPGs and short range missiles are more
passive and generally employ fitting the platform to be
protected with armor (e.g., reactive armor, hybrid armor or
slat armor).

Active Protection Systems (APS) have been proposed for
ground vehicles for defense against RPGs and other rocket
fired devices with a good success rate for quite some time.
However, these systems are proposed to protect vehicles that
are: 1) armored, 2) can carry heavy loads, and 3) have plenty
of available space for incorporation of large critical systems.
Currently these systems can weigh anywhere between 300 to
3000 lbs. and can protect the vehicle when intercepting
incoming threats as close as 5 to 10 1.

There 1s a need 1n the art for engagement management
systems that can work in cooperation with intercept vehicles

il

to engage and destroy aerial threats. There 1s also a need for
such systems to be portable and lightweight enough for
carrying on aerial and other mobile platforms that may have
significant weight and size constraints, or on which an active
protection system may be easily installed. There 1s also a
need for such systems to coordinate with multiple engage-
ments of aerial threats, intercept vehicles, and other nearby

engagement management systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate a helicopter as an aerial
platform that may be under attack from an aernal threat and
coverage areas that may be employed to sense when such a
threat 1s present;
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FIGS. 2A and 2B illustrate a conventional dispenser in
which an e¢ject vehicle (EV) according to one or more
embodiments of the present disclosure may be placed;

FIG. 3 illustrates systems that may be present on a
helicopter and that may mtercommunicate according to one
or more embodiments of the present disclosure;

FIG. 4 1llustrates an exploded view of an eject vehicle
showing various elements of the EV according to one or
more embodiments of the present disclosure;

FIGS. 5A-5C 1illustrate the eject vehicle of FIG. 4 as it
may be configured during various stages of an intercept
mission according to one or more embodiments of the
present disclosure;

FIGS. 6A-6C illustrate various propulsion and thruster
clements that may be included with one or more embodi-
ments of the present disclosure;

FIG. 7 illustrates various electrical and communication
connections that may be present on an EV while 1t 1s
disposed on the mobile platform prior to launch;

FIG. 8 1s a block diagram illustrating elements that may
be present on the eject vehicle according to one or more
embodiments of the present disclosure;

FIG. 9A 15 a block diagram 1illustrating elements that may
be present on the aerial platform according to one or more
embodiments of the present disclosure;

FIG. 9B 1s a perspective view of a radar module that may
be present on the aerial platform according to one or more
embodiments of the present disclosure;

FIGS. 10A and 10B are diagrams 1llustrating radar scan-
ning beams during an acquisition mode and a tracking mode,
respectively;

FIG. 11 1s a spectrum diagram 1llustrating possible Dop-
pler spectrum regions where various aerial vehicles may be
detected;

FIG. 12 15 a simplified flow diagram 1llustrating some of
the processes 1nvolved in one or more embodiments of the
present disclosure;

FIG. 13 illustrates an example flight path for the eject
vehicle and an aenal threat during an intercept process;

FIG. 14 illustrates two aenal vehicles flying in a forma-
tion and various radar sectors that may be covered by the
aerial vehicles;

FIG. 15 1s a simplified side view of a kill vehicle
illustrating the principle forces of interest on the kill vehicle;
FIGS. 16A and 16B illustrate a nose thruster module;

FIG. 17 1s a simplified block diagram of an attitude
control loop;

FIG. 18 1s a simplified tlowchart of a Joint Adaptive
Polarization and Roll Angle Estimator (JAPRAE) algorithm;

FIG. 19 illustrates the JAPRAE algorithm 1n the form of
a conventional servo loop;

FIG. 20 illustrates a non-limiting example of a set of
simulation results of the JAPRAE algorithm of FIGS. 18 and
19;

FIG. 21 illustrates a set of position results of an Extended
Kalman Filter (EKF) fusion algorithm simulation;

FIG. 22 illustrates a set of velocity results of the EKF
fusion algorithm simulation of FIG. 21;

FIG. 23 1llustrates a set of attitude results of the EKF
fusion algorithm simulation of FIG. 21;

FIG. 24 illustrates an attitude control loop;

FIG. 25 illustrates a controller input-output topology;

FIG. 26 illustrates an example of a search procedure that
may be used to find a thruster to fire; and
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FIG. 27 illustrates a mass and center of gravity (CG)
location update algorithm.

DETAILED DESCRIPTION

In the following description, reference 1s made to the
accompanying drawings in which 1s shown, by way of
illustration, specific embodiments of the present disclosure.
The embodiments are intended to describe aspects of the
disclosure 1n suflicient detail to enable those skilled in the art
to practice the mvention. Other embodiments may be uti-
lized and changes may be made without departing from the
scope of the disclosure. The following detailed description 1s
not to be taken in a limiting sense, and the scope of the
present invention 1s defined only by the appended claims.

Furthermore, specific implementations shown and
described are only examples and should not be construed as
the only way to implement or partition the present disclosure
into functional elements unless specified otherwise herein. It
will be readily apparent to one of ordinary skill in the art that
the various embodiments of the present disclosure may be
practiced by numerous other partitioning solutions.

In the following description, elements, circuits, and func-
tions may be shown in block diagram form 1n order not to
obscure the present disclosure in unnecessary detail. Addi-
tionally, block definitions and partitioning of logic between
various blocks 1s exemplary of a specific implementation. It
will be readily apparent to one of ordinary skill 1n the art that
the present disclosure may be practiced by numerous other
partitioning solutions. Those of ordinary skill in the art
would understand that information and signals may be
represented using any of a variety of diflerent technologies
and techniques. For example, data, instructions, commands,
information, signals, bits, symbols, and chips that may be
referenced throughout the description may be represented by
voltages, currents, electromagnetic waves, magnetic fields
or particles, optical fields or particles, or any combination
thereol. Some drawings may illustrate signals as a single
signal for clarity of presentation and description. It will be
understood by a person of ordinary skill in the art that the
signal may represent a bus of signals, wherein the bus may
have a variety of bit widths and the present disclosure may
be implemented on any number of data signals including a
single data signal.

The wvarious 1illustrative logical blocks, modules, and
circuits described 1n connection with the embodiments dis-
closed herein may be mmplemented or performed with a
general-purpose processor, a special-purpose processor, a
Digital Signal Processor (DSP), an Application Specific
Integrated Circuit (ASIC), a Field Programmable Gate Array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A general-purpose processor may be a microproces-
sor, but 1n the alternative, the processor may be any con-
ventional processor, controller, microcontroller, or state
machine. A general-purpose processor may be considered a
special-purpose processor while the general-purpose proces-
sor 1s configured to execute mstructions (e.g., software code)
stored on a computer-readable medium. A processor may
also be 1mplemented as a combination of computing
devices, such as a combination of a DSP and a micropro-
cessor, a plurality of microprocessors, one or more micro-
processors 1n conjunction with a DSP core, or any other such
configuration.

In addition, 1t 1s noted that the embodiments may be
described 1n terms of a process that may be depicted as a
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flowchart, a tlow diagram, a structure diagram, or a block
diagram. Although a process may describe operational acts
as a sequential process, many of these acts can be performed
in another sequence, 1n parallel, or substantially concur-
rently. In addition, the order of the acts may be rearranged.

Elements described herein may include multiple imnstances
of the same element. These elements may be generically
indicated by a numerical designator (e.g., 110) and specifi-
cally indicated by the numerical indicator followed by an
alphabetic designator (e.g., 110A) or a numeric indicator
preceded by a “dash” (e.g., 110-1). For ease of following the
description, for the most part, element number indicators
begin with the number of the drawing on which the elements
are introduced or most fully discussed. For example, where
feasible, elements 1n FIG. 3 are designated with a format of
3xx, where 3 indicates FIG. 3 and xx designates the unique
clement.

It should be understood that any reference to an element
herein using a designation such as “first,” “second,” and so
forth does not limit the quantity or order of those elements,
unless such limitation 1s explicitly stated. Rather, these
designations may be used herein as a convenient method of
distinguishing between two or more elements or instances of
an element. Thus, a reference to first and second elements
does not mean that only two elements may be employed or
that the first element must precede the second element in
some manner. In addition, unless stated otherwise, a set of
clements may comprise one or more elements.

Embodiments of the present disclosure include appara-
tuses and methods for providing protection for mobile
platforms, such as, for example, a helicopter, from an aerial
threat. Some embodiments of the present disclosure may
include methods and apparatuses that are portable and
lightweight enough for carrying on aerial platforms that may
have significant weight and size constraints. Some embodi-
ments of the present disclosure may include methods and
apparatuses that can be incorporated into existing systems
already 1nstalled on aernal platforms.

FIGS. 1A and 1B 1illustrate a helicopter as an aerial
platform 100 that may be under attack from an aerial threat
120 and coverage areas 140 that may be employed to sense
when such a threat 1s present within an intercept range (may
also be referred to herein as a threat range) of embodiments
of the present disclosure. As shown 1 FIG. 1A, the aeral
threat 120 may be shot by an attacker 110 toward the aerial
plattorm 100.

As used herein, “aerial threat” or “threat” are used inter-
changeably to refer to any threat directed toward a mobile
platform, including projectiles, rockets, and missiles that
may be shoulder launched or launched from other platiforms.

As non-limiting examples, such aernal threats include
Rocket Propelled Grenades (RPGs), Man-portable Air-De-

tense Systems (MANPADS or MPADS), shoulder-launched
Surface-to-Air Missiles (SAMs), Tube-launched, Optically
tracked, Wire-guided missiles (TOWs), and other aerial
weapons, having a trajectory and ordnance such that they
may cause damage to the mobile platform.

The term “aenal platform” includes, but 1s not limited to,
platforms such as helicopters, Unmanned Airborne Vehicles
(UAVs), Remotely Piloted Vehicles (RPVs), light aircratt,
hovering platforms, and low speed traveling platforms. The
protection systems and methods of the present disclosure are
particularly useful for protecting aerial platforms against
many kinds of aerial threats.

While embodiments of the present disclosure may be
particularly suitable for use on aenal platforms 100 due to
the small size and weight, they may also be used in other
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types of mobile platforms like ground-based mobile plat-
forms such as, for example, tanks, armored personnel car-
riers, personnel carriers (e.g., Humvee and Stryker vehicles)
and other mobile platforms capable of bearing embodiments
of the present disclosure. Moreover, embodiments of the
present disclosure may be used for relatively stationary
ground-based personnel protection wherein a mobile plat-
form may not be imnvolved. Accordingly, embodiments of the
disclosure are not limited to aerial applications.

FIG. 1B illustrates coverage areas 140 in which one or
more embodiments of the present disclosure may detect an
incoming aerial threat 120 and perform active countermea-
sures using one or more embodiments of the present inven-
tion to remove the aerial threat 120 before 1t can damage the
acrial platform 100. Some embodiments of the present
disclosure may be configured such that they can be disposed
in previously existing Countermeasures Dispenser Systems
(CMDS).

FIGS. 2A and 2B 1llustrate a dispenser 200 configured as
a conventional CMDS (e.g., an AN/ALE-47) in which an

eject vehicle 400 (EV) according to one or more embodi-
ments of the present disclosure may be placed. AN/ALE-47
dispensers are conventionally used to dispense passive coun-
termeasures, such as, for example, radar-retlecting chatl,
infrared countermeasures to confuse heat-seeking missile
guidance, and disposable radar transmitters. With some
embodiments of the present disclosure, eject vehicles 400
may also be placed 1n the AN/ALE-47 and ejected therefrom
under control of the AN/ALE-4"7 and other electronics on the
aerial platform 100 (FIGS. 1A and 1B). The ¢ject vehicle
400 may be configured as a substantially cylindrical vehicle
to be placed 1n a tubular dispenser 210 and ejection may be
controlled from control wiring 220 connected to the dis-
penser 200. Moreover, the dispenser 200 may be configured
to hold both the passive countermeasures for which 1t was
originally designed, as well as one or more eject vehicles
400 according to embodiments of the present disclosure.

While some embodiments of the eject vehicle 400 may be
configured to be disposed 1n an AN/ALE-47, other types of
dispensers 200 or other types of carriers for the eject vehicle
400 may also be used. Moreover, the tubular dispenser 210
1s 1llustrated with a circular cross section. However, other
cross sections may be used, such as, for example, square,
hexagonal, or octagonal.

FIG. 3 illustrates systems that may be present on a
helicopter frame 300 and that may intercommunicate
according to one or more embodiments ol the present
disclosure. The helicopter frame 300 and systems described
are used as specific examples to assist 1n giving details about
embodiments of the present disclosure. In the specific
example of FIG. 3, an AAR-47 Missile Approach Warning
System (MAWS) warns of threat missile approaches by
detecting radiation associated with the missile. In the spe-
cific example, four MAWSs (320A, 3208, 320C, and 320D)
are disposed near four corners of the helicopter frame 300.
A central processor 360 may be used to control and coor-
dinate the four MAWSs (320A, 320B, 320C, and 320D).

Two AN/ALE-47 dispensers (200A and 200B) are posi-
tioned on outboard sides of the helicopter frame 300, each
of which may contain one or more ¢ject vehicles 400. As

shown 1n FIG. 3, there are four eject vehicles 400 on each
side labeled EV1 through EV4 on one side and labeled

EV5-EV8 on the other side. The AN/ALE-47 dispensers
(200A and 200B) are each controlled by an AN/ALE-47
sequencer (350A and 350B), which are, in turn, controlled
by the central processer 360.
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According to one or more embodiments of the present
disclosure four radar modules (900A, 900B, 900C, and
900D) are included to augment and connect with the AAR-
4’7s and communicate with the eject vehicles 400. These
radar modules 900 (see FIG. 9A) are configured to detect
and track relatively small incoming aenal threats (e.g., an
RPG) as well as the outgoing eject vehicles 400. Moreover,
the radar modules 900 can send wireless communications
(340A, 3408, 340C, and 340D) to the eject vehicles 400
both before and aifter they are ejected from the dispensers
(200A and 200B). The radar modules 900, and ¢ject vehicles
400 may each include unique identifiers, such as, for
example, a Media Access Control (MAC) address. The radar
modules 900 may also be configured to detect, track, and
communicate with other friendly platforms such as, for
example, other helicopters flying in formation with the
helicopter. Thus, all helicopters within commumication
range can communicate and share radar and control infor-
mation to form a broad coverage area, similar to cellular
telephone base station coverage. Moreover, and as explained
more fully below, the helicopters may communicate to
define different sector coverage areas such that one helicop-
ter does not launch an eject vehicle 400 1nto a sector that
may damage or interfere with another helicopter.

The control processors, such as the central processor 360,
the MAWSs 320, the radar modules 900, the sequencers 350,
and the dispensers 200 may be configured to form an ad hoc
network and include the eject vehicles 400.

The specific example of FIG. 3 1s shown to illustrate how
radar modules (900A-900D) and eject vehicles (EV1-EVS)
of the present disclosure can be incorporated with existing
systems on helicopter platforms with little change. Of
course, other systems may be employed with embodiments
of the present disclosure. As a non-limiting example, one
radar 900A may be positioned on one side of the helicopter
frame 300 and another radar module 900C may be posi-
tioned on another side of the helicopter frame. In such a
case, the radar modules 900 would be configured to provide
hemispherical coverage areas. These radar modules 900 may
be controlled by, communicate with, or a combination
thereof, a different central processor 360 configured specifi-
cally for embodiments of the present disclosure. Moreover,
the eject vehicles 400 may be disposed in different carriers
or different dispensers from the AN/ALE-47 dispensers
(200A and 200B) shown i FIG. 3.

When embodiments of the present disclosure are used as
illustrated 1n FIG. 3, they provide an ultra-lightweight active
protection system for helicopter platforms that may increase
the survivability against RPG attacks to better than 90% for
RPGs fired from ranges as close as about 100 meters away.

In order to satisty the helicopter platform constraints,
embodiments of the present disclosure address many sig-
nificant technology areas:

1) For helicopter applications, size, weight, and power
should be considered. Every pound of added airframe equip-
ment will reduce capacity to carry personnel or cargo, and
the space for adding equipment to the airframe may be at a
premium. At least some embodiments of the present disclo-
sure are configured to be less than about 350 pounds and
occupy about 5.53"x5.5" surface area at each of the four
corners ol a helicopter exterior shell and with minimal
impact to existing wiring kits.

2) Helicopters generally do not carry armor and thus, the
intercept of an mncoming threat (e.g., an RPG) must occur at
a range that 1s safe to the un-armored helicopter airframe.
Using an RPG-7 as an example, to achieve a survival
probability of about 99% from the blast alone, the intercept
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should occur at distances beyond 30 meters from the heli-
copter shell. This requirement significantly influences the
system response time, when considering that an RPG fired
at a 100-meter distance may impact the helicopter i less
than about 600 milliseconds.

3) A third concern 1s fratricide and collateral damage to
friendly forces that may be amplified by the helicopter
platform deploying kinetic countermeasures in a position
above ground and potentially next to a wingman helicopter
or in the vicinity of civilians, friendly troops, or a combi-
nation thereof. Some embodiments of the present disclosure
are configured to work 1n combination with embodiments on
other helicopters when the helicopters are flying 1n forma-
tion relatively close to each other.

4) Some embodiments of the present disclosure can
geo-locate the attacker 110 (FIG. 1A) after a few radar track
frames are processed.

5) Embodiments of the present disclosure can engage
multiple threats at a time. In other words, multiple incoming,
aerial threats 120 can be detected and tracked and multiple
outgoing eject vehicles 400 can be tracked. In addition, to
increase a probability of destroying an incoming aerial threat
120, multiple ¢ject vehicles 400 may be launched, directed
toward, and detonated proximate the same aerial threat 120.

6) Finally, eject vehicles 400 can be launched and guided
to the point of attack with the same or different warheads and
detonated above the threat point of origin.

To address these technology areas, some embodiments of
the present disclosure include an active kinetic countermea-
sure projectile (i1.e., the ¢ject vehicle 400 of FIG. 2B),
including an ejection mechanism with an impulse charge
that can fit 1n, and can be launched by, the AN/ALE-47
chafl/tlare dispenser 200. Some embodiments of the present
disclosure include the radar module 900 covering a 90
degree sector or more (i1.e., with a 90 degree sector, each
helicopter plattorm would use four radar modules 900).

When referring to the radar module 900 herein (e.g., as
shown in FIG. 3), it should be understood that 1n some
embodiments the radar module 900 may perform the opera-
tions described herein in combination with other electronics
and processors on the aenal plattorm 100. As such, the radar
modules 900 may be used to: 1) search, acquire, and track
incoming aerial threats 120, 2) launch the active kinetic
countermeasure (1.¢., eject vehicle 400), 3) track the outgo-
ing eject vehicle 400 with respect to the mmcoming aerial
threat 120, 4) point and guide the ¢ject vehicle 400 toward
the incoming aerial threat 120, 5) command detonate the
eject vehicle 400, and 6) geo-locate the attacker 110, all 1n
less than about one second. In one configuration, at least two
AN/ALE-47 dispensers 200 would be used 1n conjunction
with the four radar modules 900 such that each dispenser
200 provides hemispherical coverage.

The radar modules 900 may be configured as pulse
Doppler radar modules 900 to scan the azzmuth plane and
the elevation plane using two orthogonal fan beams and may
be configured to cover a 90 degree sector in about 20
milliseconds. Upon detecting an incoming aerial threat 120,
the associated radar module 900 may then direct the launch
and guidance of an eject vehicle 400 from an AN/ALE-47
dispenser 200 that covers that sector. The eject vehicle 400
may be command guided to the target by the radar module
900 and command detonated. The radar modules 900 may be
configured as an addition to the existing AN/AAR-47 system
and may use 1ts existing interface for launching of the eject
vehicle 400.

Some of the embodiments of the present disclosure may
be configured to deploy an eject vehicle 400 that fits i a
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standard dispenser 200 but could be stabilized and pointed
towards the threat after launch, in less than about 350
milliseconds, in the rotor downwash of a helicopter, and
when ejected 1n the fixed direction dictated by the dispenser
200. The radar modules 900 may then guide the eject vehicle
400 to accurately intercept the aerial threat 120 within about
330 milliseconds and thus reduce the requirement of carry-
ing a large warhead.

FIG. 4 illustrates an exploded view of an eject vehicle 400
showing various elements of the eject vehicle 400 according
to one or more embodiments of the present disclosure.
Reference may also be made to FIGS. 1A-3 in describing
features and operations of the eject vehicle 400. The ¢ject
vehicle 400 1s a lightweight guided projectile that, 1n some
embodiments, may be designed to be launched from chaitl/
flare dispensers. The eject vehicle 400 may intercept and
destroy incoming aerial threats 120 at ranges suflicient to
prevent damage to the host aerial platform 100. The ¢ject
vehicle 400 may be packaged 1n a cartridge containing an
impulse charge and interface electronics designed to fit the
AN/ALE-47 dispenser magazine.

The eject vehicle 400 includes an ejection piston 780
configured to transmit the energy of an impulse cartridge
750 (described below 1n connection with FIG. 7) to the eject
vehicle 400 and launch the eject vehicle 400 away from the
aerial platform 100 to a distance safe enough for the eject
vehicle 400 to begin performing alignment and 1nterception
maneuvers.

A rocket motor 420 may be used to propel the eject
vehicle 400 toward the aenal threat 120 after the eject
vehicle 400 has been rotated such that a longitudinal axis of
the eject vehicle 400 1s pointed in the general direction of the
aecrial threat 120. A first set of folding fins 482 may be
attached to the rocket motor 420 and configured to deploy
once the e¢ject vehicle 400 has exited the dispenser 200. The
folding fins 482 are small and configured to provide stability
to the eject vehicle 400 during 1ts tlight path rather than as
control surfaces for directing the fight path.

An airframe shell 430 may be configured to contain a
warhead 440, a divert thruster module 610, a nose thruster
module 620 (may also be referred to herein as an alignment
thruster module 620), an electronics module 450, and a
battery 452. An airframe nose 490 may be configured to
attach to the airframe shell 430 to protect the electronics
module 450 and provide a somewhat acrodynamic nose for
the eject vehicle 400.

A safe and arm module 460 may be included within the
airframe shell 430 and configured to sately arm the warhead
440 when the eject vehicle 400 1s a safe distance away from
the aerial platform 100.

FIGS. 5A-5C 1illustrate the eject vehicle 400 of FIG. 4 as
it may be configured during various stages of an intercept
mission according to one or more embodiments of the
present disclosure. Stage 1, in FIG. 5A, illustrates the eject
vehicle 400 1n a cartridge 710 (FIG. 7) and includes the
¢jection piston 780, the rocket motor 420, the airframe shell
430, and the airframe nose 490.

Stage 2, in FIG. 5B, illustrates the eject vehicle 400 after
it has been dispensed and shows the rocket motor 420, the
airframe shell 430, and the airframe nose 490. FIG. 5B also
illustrates the folding fins 482 deployed near the end of the
rocket motor 420 and wireless communication antennas 890
deployed near the airframe nose 490.

Stage 3, 1n FIG. 5C illustrates the eject vehicle 400 after
the rocket motor 420 has burned and been detached from the
airframe shell 430. At this stage, the eject vehicle 400 may
be referred to as a terminal vehicle and includes the airframe
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nose 490, the wireless communication antennas 890, and the
airframe shell 430. St1ll within the airframe shell 430 are the
warhead 440, the divert thruster module 610, the alignment
thruster module 620, the electronics module 450, the battery
452, and the sate and arm module 460. After the rocket
motor 420 1s detached, a second set of folding fins 484 are
deployed from the airframe shell 430 to stabilize the eject
vehicle 400 during the remainder of the flight to intercept the
aerial threat 120. This second set of folding fins 484 are used
to replace the first set of folding fins 482 that were attached
to the rocket motor 420, which has been detached from the
airframe shell 430 durmg stage 3.

In addition, after the rocket motor 420 1s detached, one or
more corner retlectors 470 are exposed. The corner reflector
470 may be configured with sharp angles to enhance radar
detection of the eject vehicle 400 by a radar module 900 on
the aerial platform 100. For example, the corner reflector
470 may be configured as an interior angle of a small cube
shape, which will enhance radar detection.

Returming to FIG. 4, the alignment thruster module 620 1s
oflset from a center of mass of the eject vehicle 400 such that
an 1tial pitch maneuver can be performed to align the
longitudinal axis of the eject vehicle 400 along an 1ntercept
vector pointed toward the aerial threat 120. This alignment
maneuver 1s performed prior to the burn of the rocket motor
420.

The divert thruster module 610 1s positioned substantially
near a center of mass of the terminal vehicle and 1s used to
laterally divert the terminal vehicle from 1its current flight
path to make minor corrections to the flight path 1n order to
more accurately intercept the aerial threat 120. The terminal
vehicle may be referred to herein as the ¢ject vehicle 400 and
it should be understood what 1s being referred to based on
the context of the discussion.

The warhead 440 may be command detonated when the
radar module 900 on the aernial platform 100 determines that
the eject vehicle 400 has reached the closest point of
approach (nominally about 15 cm). The use of thrusters,
provide the fast reaction times that may be needed to
intercept the aenal threat 120 at a nominal distance of about
50 meters when the aerial threat 120 1s launched from a
range of about 100 meters.

FIGS. 6A-6C illustrate various propulsion and thruster
clements that may be included with one or more embodi-
ments of the present disclosure. FIG. 6A illustrates a nose
thruster module 620 with four nose thrusters 622 (two are
hidden) arranged around a periphery of the nose thruster
module 620. These nose thrusters 622 (also referred to
herein as alignment thrusters 622) are positioned to generate
a perpendicular force on the eject vehicle 400 relative to the
longitudinal axis and are offset from the center of mass of
the eject vehicle 400 so that an 1nitial pitch maneuver can be
performed to rotate and align the longitudinal axis of the
eject vehicle 400 along an intercept vector pointed toward
the aerial threat 120. In this embodiment, the four nose
thrusters 622 are orthogonally arranged giving two oppor-
tunities to adjust the pitch of the eject vehicle 400 1n each
direction. Of course, other embodiments may include fewer
or more alignment thrusters 622.

FIG. 6B illustrates a divert thruster module 610 with eight
divert thrusters 612 (five are hidden) arranged around a
periphery of the divert thruster module 610. These divert
thrusters 612 are positioned to generate a perpendicular
force on the ¢ject vehicle 400 relative to the longitudinal axis
and are positioned near the center of mass of the egject
vehicle 400 so that the divert thrusters 612 will move the
eject vehicle 400 laterally to a slightly different travel path,
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while substantially maintaining the same pitch. Thus, the
divert thrusters 612 can modily the flight path of the ¢ject
vehicle 400 to correct for minor errors in the initial pitch
maneuvers pointing directly toward the aenal threat 120. In
this embodiment, eight divert thrusters 612 are used giving
cight opportunities to adjust the flight path of the eject
vehicle 400 during 1ts flight toward the aerial threat 120. Of
course, other embodiments may include fewer or more
divert thrusters 612.

FIG. 6C illustrates a thruster 650 configured to expel a gas
through a nozzle 652 to create a lateral force. The thruster
650 may be controlled from a thrust signal 654, which may
be connected to the electronics module 450 of the eject
vehicle 400. The thruster 650 1s one example of a type of
thruster that may be used for both the divert thrusters 612
and the alignment thrusters 622.

FIG. 7 illustrates various electrical and communication
connections that may be present on the ¢ject vehicle 400
while 1t 1s disposed on the aerial platform 100 (FIGS. 1A and
2B) prior to launch. A cartridge 710 includes a cartridge
flange 720 such that the cartridge 710 may be securely
placed 1n a dispenser 200 (FIG. 2A). An end cap 790 may be
positioned over the cartridge 710 to hold the eject vehicle
400 within the cartridge 710. An impulse cartridge 750 1s
positioned near the base of the cartridge tlange 720 and 1s
configured to fire 1n response to a fire command signal 755
from the radar module 900 (FIG. 3) or other electronics on
the aerial platform 100. An ejection piston 780 1s positioned
between the impulse cartridge 750 and the eject vehicle 400
and 1s configured to transmit the energy of the firing impulse
cartridge 750 to the eject vehicle 400 and propel the ¢ject
vehicle 400 out of the dispenser 200 and safely away from
the aerial platform 100.

A power signal 740 and a ground signal 730 may run
along or through the cartridge to an antenna spring contact
745 and a ground spring contact 735, respectively. The
ground spring contact 7335 1s configured to flexibly couple
with a ground patch 738 on the eject vehicle 400 to provide
a ground for the eject vehicle 400 electronics while the eject
vehicle 400 1s 1n the cartridge 710. The antenna spring
contact 745 1s configured to tlexibly couple with the antenna
890 on the eject vehicle 400 and a power signal on the ¢ject
vehicle 400 to provide power and direct communication for
the eject vehicle 400 electronics while the eject vehicle 400
1s 1n the cartridge 710. The cartridge 710 may include a
cartridge antenna 760 that may be coupled to the antenna
890 of the ¢ject vehicle 400 by the antenna spring contact
745. Thus, the eject vehicle 400 may communicate wire-
lessly 795 with electronics onboard the aerial platform 100
through the antenna 890 on the eject vehicle 400 or through
the cartridge antenna 760.

FIG. 8 1s a block diagram illustrating elements that may
be present on the eject vehicle 400 according to one or more
embodiments of the present disclosure. A microcontroller
810 may be coupled to a memory 820, which 1s configured
to hold instructions for execution by the microcontroller 810
and data related to command and control of the eject vehicle
400. The microcontroller 810 may be any suitable micro-
controller, microprocessor, or custom logic configured to
directly execute, or execute responsive to soltware instruc-
tions, processes related to operation of the eject vehicle 400.
The memory 820 may be any suitable combination of
volatile and non-volatile memory configured to hold data
and computing 1nstructions related to operation of the eject
vehicle 400.

One or more antennas 890 may be configured to provide
a communication link with electronics (e.g., the radar mod-
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ule 900) onboard the aenal platform 100. As non-limiting,
examples, the communication link may be configured using
WiF1 or WiMax {frequencies and protocols. A diversity
combiner 880 may be used to combine signals from multiple
antennas.

A communication transceiver 870 (e.g., a WiF1 trans-
ceiver) may be coupled to the diversity combiner 880 and be
configured to transmit and receive frequencies to and from
the diversity combiner 880. A communication modem 860
(e.g., a WiF1 modem) may be coupled to the communication
transceiver 870 and be configured to package and modulate
communication information for communication transmis-
sion as well as demodulate and extract information from
communication reception. The microcontroller 810 recerves
information from the communication modem 860 and may
perform operations related to the recerved information. In
addition, based on processes performed on the microcon-
troller 810, information may be sent to the communication
modem 860 for transmission through the one or more
antennas 890.

The microcontroller 810 may be coupled to a thrust
controller 830, which interfaces with the alignment thrusters
622 and the divert thrusters 612 (FIGS. 6A and 6B). A
warhead fuzing interface 840 may be provided to interface
to the warhead 440 (FIG. 4), the sate and arm module 460

(FIG. 4) or a combination thereot, for arming and control of
detonation of the warhead 440.

Aroll sensor 850 and a vertical reference 855 may be used
in combination to determine the attitude of the eject vehicle
400 as well as a spin rate and spin position of the eject
vehicle 400 and communicate such information to the
microcontroller 810. Other types of sensors, such as, for
example, accelerometers and magnetometers may also be
used for this purpose.

FIG. 9A 1s a block diagram 1llustrating elements that may
be present on the aenal platform 100 according to one or
more embodiments of the present disclosure. The electronics
module and functions thereot on the aerial plattorm 100 may
be contained within a radar module 900, as illustrated 1n
FIG. 9B. Alternatively, some of the function may be within
the radar module 900 while other functions may be located
in different places on the aerial platform 100 such as, for
example, the central processor 360 (FIG. 3). The various
modules used to control the radar module 900 and the eject
vehicle 400 and determine other information related thereto
may be collectively referred to heremn as an “onboard
system”.

FIG. 9B 1s a perspective view of the radar module 900 that
may be present on the aerial platform 100 according to one
or more embodiments of the present disclosure. The radar
module 900 includes an azimuth scan radar antenna 920, an
elevation scan radar antenna 940, and a wireless communi-
cation link antenna 960.

The azimuth scan radar antenna 920 1s included 1n an
azimuth radar subsystem, which includes a diplexer 922 for
combining radar sent and retlected radar received. A Radio
Frequency (RF) up/down converter 9235 converts the radar
frequencies sent from a digital synthesizer 930 and converts
the radar frequencies received for use by a digital receiver
935.

The elevation scan radar antenna 940 i1s included 1n an
clevation radar subsystem similar to the azimuth radar
subsystem, but configured for the elevation direction. The
clevation radar subsystem includes a diplexer 942 for com-
bining radar sent and reflected radar received. A Radio
Frequency (RF) up/down converter 945 converts the radar
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frequencies sent from a digital synthesizer 950 and converts
the radar frequencies received for use by a digital recerver
055.

The wireless communication link antenna 960 may be
configured to provide a communication link with electronics
onboard the eject vehicle 400. As non-limiting examples, the
communication link may be configured using WiF1 or
WiMax frequencies and protocols. A wireless communica-
tion subsystem includes a communication transceiver 963
(e.g., a Wik1 transceiver) coupled to the wireless commu-
nication link antenna 960 and configured to transmit and
receive Irequencies to and from the antenna 960. A com-
munication modem 970 (e.g., a WiF1 modem) may be
coupled to the communication transceiver 965 and be con-
figured to package and modulate communication informa-
tion for communication transmission as well as demodulate
and extract mnformation from communication reception.

A sector processor 910 communicates with the elevation
radar subsystem, the azimuth radar subsystem, and the
wireless communication subsystem. The sector processor
910 may communicate helicopter navigation information
912 from other electronics on the aerial platform 100.
Referring also to FIG. 3, the sector processor 910 may also
communicate with the dispenser 200 (e.g., one or more
ALE-477s) using communication signal 914 and the Missile
Approach Warning System 320 (e.g., one or more AAR-475s)
using communication signal 916. The sector processor 910
performs a number of functions to detect and track aerial
threats 120, control and track the eject vehicle 400, as well
as other functions related to the active protection system. In
some embodiments, communication between the dispenser
200 and the sector processor 910 may be accomplished
through the Missile Approach Warning System 320.

The sector processor 910 in combination with the radar
subsystems can detect and track incoming aerial threats 120
(e.g., RPGs). Based on the tracking of the incoming aerial
threat 120, and 1n combination with navigation information
from the aerial platform 100, the sector processor 910 can
extrapolate to a geo-location of the attacker 110, from where
the aenial threat 120 was launched. The aenial platform 100
may act on this geo-location or transmit the geo-location to
other aecrial platforms or ground-based platforms for follow-
up actions.

The sector processor 910 may be configured to send
launch commands to the dispenser 200 on communication
signal 914 to launch one or more ¢ject vehicles 400 to
intercept one or more detected aerial threats 120. The sector
processor 910 may also calculate required pitch adjustments
that should be performed by the eject vehicle 400 after 1t has
been ejected and 1s safely away from the aerial plattorm 100.

Once the eject vehicle 400 1s launched, the sector pro-
cessor 910 may be configured to track the eject vehicle 400
and send guidance commands (1.e., divert commands) to the
eject vehicle 400 so the eject vehicle 400 can perform divert
maneuvers to adjust its flight path toward the aenal threat
120. The sector processor 910 may also be configured to
determine when the eject vehicle 400 will be near enough to
the aenal threat 120 to destroy the aerial threat 120 by
detonation of the warhead 440 on the eject vehicle 400.
Thus, a detonation command may be sent to the eject vehicle
400 instructing 1t to detonate, or nstructing 1t to detonate at
a detonation time after receiving the command.

FIGS. 10A and 10B are diagrams 1llustrating radar scan-
ning beams during an acquisition mode and a tracking mode,
respectively. Referring to FIGS. 10A, 10B, 9, and 3, the
radar modules 900 may be mounted 1n close proximity to the
existing AN/ALR-47 missile warning recertver (MWR)
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installations to provide 360 degrees spatial coverage while
mimmizing wiring modifications to the helicopter. It 1s
anticipated that an aerial threat 120 will be launched at
relatively short ranges, typically on the order of 100 m. The
radar modules 900 are designed to detect and track the low
radar cross section (typically =15 dBsm) of an RPG fired
from any aspect angle, within 30 milliseconds of launch, and
out to a range of at least 300 meters. The radars operate 1n
the Ka-Band to minimize the antenna size yet provide the
precision angular measurements needed to guide the eject
vehicle 400 to intercept the aerial threat 120. A high pulse-
repetition-frequency pulse Doppler wavelorm provides
radial velocity measurements as well as the clutter rejection
needed to operate 1n close proximity to the ground while
detecting low radar cross section targets. Pulse compression
may be used to achieve precision range measurements as
well as increasing the transmit duty cycle to best utilize the
capabilities of existing Ka-Band solid-state power amplifi-
ers. The antennas generate a pair of orthogonal fan beams,
providing a continuous track-while-scan capability to mini-
mize detection latency and provide multiple target track
capability. Beam scanning can be accomplished using a
frequency scan method to eliminate the need for expensive
phase shifters.

FIG. 10A 1llustrates an acquisition mode wherein an
clevation radar generates an elevation fan beam extending 1n
the vertical direction that sweeps 1n the horizontal direction
and an azimuth radar generates an azimuth fan beam extend-
ing in the horizontal direction that sweeps in the vertical
direction. Thus, an entire 90-degree scan sector can be
covered by the radar systems to quickly detect and acquire
an icoming aerial threat 120 when 1t 1s within range.

FIG. 10B illustrates a track mode. In FIG. 10B, two
sequential azimuth scans and two sequential elevation scans
are shown that pinpoint a first location 1010 of the e¢ject
vehicle 400. In addition, two sequential azimuth scans and
two sequential elevation scans are shown that pinpoint a
second location 1020 of the aerial threat 120. With this
location information, the sector processor 910 can derive
relative position information that can be used to provide
divert commands to the eject vehicle 400 to more closely
intercept the aenal threat 120.

FIG. 11 1s a spectrum diagram 1llustrating possible Dop-
pler spectrum regions where various aerial vehicles may be
detected. As non-limiting examples, FIG. 11 illustrates a
ground clutter spectrum 1110, a spectrum 1120 for the ¢ject
vehicle 400 (1.e., PRJ 1 FIG. 11), a spectrum 1130 that may

be indicative of an RPG, and a spectrum 1140 that may be
indicative of a MANPAD. Of course, other aerial threats and
their associated spectrums may also be i1dentified.

FI1G. 12 1s a simplified flow diagram illustrating some of
the processes 1200 involved 1n one or more embodiments of
the present disclosure. The processes may be loosely con-
sidered as an acquisition phase 1210, a pre-launch phase
1220, an align and launch phase 1240, a guidance phase
1260, a divert phase 1270, and a detonation phase 1280.

Operation block 1212 indicates that continuous radar
scans are performed looking for incoming aernal threats.
Decision block 1214 indicates that the process loops until a
target 1s detected. While not shown, during this phase the
radar modules 900 may also be detecting distance and angle
to wingman platforms (1.e., other aerial platforms) in the
vicinity. Using communication between the various wing-
man platforms, sectors of responsibility can be 1dentified as
discussed more fully below in connection with FIG. 14.

If a target 1s detected, the process 1200 enters the pre-
launch phase 1220. Operation block 1222 indicates that the
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sector processor 910 uses the range and travel direction of
the incoming aerial threat 120 to calculate a threat direction
to the mcoming aerial threat 120 and an intercept vector
pointing {from a deployed eject vehicle 400 to a projected
intercept point where the eject vehicle 400 would 1ntercept
the incoming aerial threat 120. Operation block 1224 indi-
cates that the intercept vector 1s sent to the eject vehicle 400.
The intercept vector may be sent to the eject vehicle 400 1n
a number of forms. The actual directional coordinates may
be sent and the eject vehicle 400 would be responsible for
determining the proper pitch maneuvers to perform. Alter-
natively, the sector processor 910 may determine the proper
pitch maneuvers that the eject vehicle 400 should perform
after launch and send only pitch commands (e.g., start and
burn times for each alignment thruster 622) to be used
during the pitch maneuvers. While FIG. 12 indicates that the
intercept vector or pitch commands are sent before launch,
some embodiments may be configured such that this infor-
mation can be sent after launch.

During the acquisition phase 1210 and pre-launch phase
1220, the ¢ject vehicle 400 remains 1n the dispenser 200 and
connected to power. An RF communication link may be 1n
operation through the eject vehicle 400 antenna via a trans-
mission line inside the dispenser 200.

The process enters the align and launch phase 1240 after
the intercept vector i1s determined. Operation block 1242
indicates the impulse cartridge 750 1s fired to propel the eject
vehicle 400 from the dispenser 200 and sately away from the
aerial platform 100.

Operation block 1244 indicates that the pitch maneuvers
are performed to align the eject vehicle 400 with the already
determined intercept vector. The pitch maneuver 1s a two-
stage process that sequentially executes an azimuth rotation
and an elevation rotation to align the longitudinal axis of the
eject vehicle 400 along the intercept vector. The pitch
maneuver does not have to be exact. As a non-limiting
example, oflsets of up to about 10 to 15 degrees may be
corrected during flight of the eject vehicle 400 using the
divert thrusters 612 during the guidance phase 1260. After
¢jection, the folding fins 482 will deploy and the commu-
nication link antennas 890 will deploy and wireless com-
munication between the eject vehicle 400 and the radar
module 900 may commence.

Operation block 1246 indicates that the rocket motor 420
will fire, which accelerates the eject vehicle 400 to about 160
meters/second and imposes a spin rate on the eject vehicle
400 of about 10 Hertz. Upon exhaustion, the rocket motor
420 and folding fins 482 will separate and the Terminal
Vehicle (TV) 1s exposed. With separation of the TV, the
second folding fins 484 deploy and the corner retlector 470
1s exposed.

During the gmidance phase 1260, the process will perform
a track and divert loop 1n order to adjust the flight path of the
eject vehicle 400 to more closely intercept the aerial threat
120. Operation block 1262 indicates that the sector proces-
sor 910 will track the eject vehicle 400 and aerial threat 120
as discussed above with reference to FIGS. 9A-10B. Deci-
sion block 1264, indicates that the sector processor 910 will
determine 11 a divert maneuver 1s required to intercept the
incoming aerial threat 120 and estimate the direction of
divert thrust required.

A divert phase 1270 includes operations to cause the eject
vehicle 400 to modily 1ts course. Operation block 1272
indicates that the divert direction and time, 1f required, are
sent to the eject vehicle 400.

The divert process takes mto account the rotation of the
eject vehicle 400 and the direction of the desired divert
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thrust. This rotation adds a complication to the selection and
fire time determination of the proper divert thruster 612, but
also ensures that all of the available divert thrusters 612 can
be used to divert the eject vehicle 400 in any desired
direction substantially perpendicular to the travel direction
of the eject vehicle 400. Operation block 1274 indicates that
the processor on the eject vehicle 400 will select the divert
thruster 612 to be fired and determine the firnng time based
on the divert angle recerved from the sector processor 910
and 1ts internal attitude sensors.

Operation block 1276 indicates that the appropriate divert
thruster 612 1s fired at the appropriate fire time to move the
eject vehicle 400 laterally along a diversion vector to adjust
the flight path of the eject vehicle 400. As a non-limiting
example, each divert thruster 612 may be capable of cor-
recting for about two degrees of error from the initial
pointing of the eject vehicle 400 during the pitch maneuver.
Thus, when the divert thrusters 612 are fired when the eject
vehicle 400 1s 1n the correct rotational position, the process
can slide the travel direction vector of the e¢ject vehicle 400
toward the path of the aerial threat 120. Moreover, the
process can fire 1n any circular direction and can fire
multiple divert thrusters 612 in the same direction to repeat-
edly move the ¢ject vehicle 400 1n the same direction.

While FIG. 12 indicates the guidance phase 1260 and the
detonation phase 1280 as operating sequentially, they also
may operate 1n parallel. During the detonation phase 1280,
operation block 1282 indicates that the sector processor 910
determines an optimum intercept time when the eject vehicle
400 will be at its closest point to the aerial threat 120.
Operation block 1284 indicates that a detonation command
may be sent to the eject vehicle 400. This detonation
command may be in the form of a detonation time for the
eject vehicle 400 to count out or it may be 1n the form of an
immediate command for the eject vehicle 400 to perform as
soon as the command 1s received.

Operation block 1286 indicates that the warhead 440 on
the eject vehicle 400 1s detonated at the intercept time
responsive to the detonation command received from the
sector processor 910.

FIG. 13 illustrates an example flight path for the eject
vehicle 400 and an aernial threat 120 during an intercept
process. In this example, a typical RPG and EV ftrajectory
example are shown. The RPG i1s launched at a range of about
100 meters and 30 degrees lett of the nose of the helicopter.
The eject vehicle 400 receives its coordinate commands
from the radar module 900 and 1s then ¢jected from the port
chall dispenser 200 at an angle of 90 degrees to the heli-
copter axis.

During period 1310, the ¢ject vehicle 400 separates to a
distance of about two meters from the helicopter. During
period 1320, the nose thrusters 622 pitch the eject vehicle
400 to the approximate approach angle of the incoming RPG
(e.g., within about £10° accuracy). The rocket motor 420
then fires to accelerate the eject vehicle 400 to approxi-
mately 160 meters/second and 1s then separated from the
remaining terminal vehicle upon exhaustion.

During period 1330, the radar module 900 transmits a
series of divert commands to the eject vehicle 400, which
fires the divert thrusters 612 to correct the trajectory of the
eject vehicle 400 and intercept the RPG. A radar command
1s finally sent to the eject vehicle 400 to detonate the
warhead 440 when the terminal vehicle reaches the closest
point of approach (CPA). The guidance algorithm may be
configured to produce a maximum CPA of about 30 centi-
meters, which 1s well within the lethal 0.6-meter kill radius

of the warhead 440.
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FIG. 14 1llustrates two aerial vehicles flying 1n a forma-
tion and various radar sectors that may be covered by the
aerial vehicles. A significant concern 1s the presence of
wingman helicopters and the potential damage caused by
accidental targeting. The system presented has the capability
of tracking and recognizing the adjacent helicopters and
networking with their associated active protection systems
to avoid collateral damage by handing off sectors covered by
other platforms. In FIG. 14, a first helicopter 1410 1s
monitoring a first radar sector 1410A, a second radar sector
14108, a third radar sector 1410C, and a fourth radar sector
1410D.

A second helicopter 1420 near the first helicopter 1410 1s
monitoring a fifth radar sector 1420A, a sixth radar sector
14208, a seventh radar sector 1420C, and an eighth radar
sector 1420D. It an aenal threat approaches from a direction
indicated by arrow 1430 1t may be detected by the third radar
sector 1410C of the first helicopter 1410 and the seventh
radar sector 1420C of the second helicopter 1420. If the first
helicopter 1410 attempts to launch an eject vehicle, 1t may
cause damage to the second helicopter 1420. However, using
communication between the various wingman platiorms,
sectors ol responsibility can be identified. Thus, for the
direction indicated by arrow 1430, the first helicopter 1410
can determine that the third radar sector 1410C will be
covered by the seventh radar sector 1420C of the second
helicopter 1420. As a result, while this formation continues,
the first helicopter 1410 does not respond to threats in its
third radar sector 1410C.

Returning to FIG. 9B, the radar module 900 may also be
referred to herein more generically as an Engagement Man-
agement Module (EMM) 900. As discussed above, 1n some
embodiments, an aerial platform 100 (FIGS. 1A and 1B)
may be configured with four engagement management mod-
ules 900, an example of which 1s shown i FIG. 3.

The engagement management modules 900 may be used
as part of a Helicopter Active Protection System (HAPS),
but may also be used 1n other types of aernal vehicles, ground
vehicles, water vehicles, and stationary deployments.

Returning to FIGS. 4 through 5C, the eject vehicle 400
may also be referred to herein as an intercept vehicle 400
and a kill vehicle (KV) 400. FIG. 5C 1illustrates the eject
vehicle 400 af

ter the rocket motor 420 has burned and been
detached from the airframe shell 430. At this stage, the eject
vehicle 400 may be referred to as a terminal vehicle, a
terminal section, or a terminal section of the kill vehicle 400.
Sti1ll within the terminal section are the warhead 440, the
divert thruster module 610, the alignment thruster module
620, the electronics module 450 the battery 452, and the safe
and arm module 460.

In operation, radar on the EMM 900 detects and tracks an
aerial threat (e.g., an RPG) launched at the helicopter and
launches one or more KVs 400 from the AN/ALE-47
Countermeasure Dispenser to intercept the incoming RPG.
Following launch, the KV 400 executes a series of pitch
maneuvers using nose thrusters (1.e., 1n the alignment
thruster module 620) to align the body axis with the esti-
mated intercept point, uses a boost motor to accelerate to
high speed to intercept the RPG at maximum range, and
executes a series of commands for lateral guidance maneu-
vers using a set of divert thrusters 610. Finally, the KV 400
warhead 440 1s command detonated when the KV 400
reaches the closest point of approach (CPA) computed by an
EMM guidance processor.

The thght time of the KV 1s typically on the order of 300
to 500 msec. During the short flight time, the KV 1s exposed
to strong moments due to divert thruster offsets from the
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center ol gravity and to strong acrodynamic moments due
principally to the Jet Interaction (JI) eflect when the divert
thrusters are fired. The principle forces of interest are shown
in FIG. 15.

FIG. 15 15 a simplified side view of a kill vehicle (KV)
400 1llustrating the principle forces of interest on the kill
vehicle (KV) 400. Ideally, the divert thruster’s 610 center of
thrust, X .~ would be aligned with the KV 400 center of
gravity (C(G) to minimize any moments introduced by 1ts
thrust force (F,,). However, even with balancing during
manufacturing, there will be some migration of the CG as
divert thrusters 610 and alignment thrusters 622 (FIGS. 6A
and 6B and also referred to herein as “pitch thrusters 622”)
and “attitude control thrusters 1604 (FIG. 16A) are fired
and propellant 1s expended. Also, when the divert thrusters
610 are fired, airflow along a body 1510 of the KV 400 1s
disrupted, known as the Jet Interaction (JI) eflect, which
introduces a high pressure region 1506 1n front of the divert
thrusters 610 and a low pressure region 1508 aft of the divert
thrusters 610. This causes a moment that can be represented
as a force F,, at location X ,,. The other principle aerody-
namic component 1s the normal force F,, mtroduced as a
function of the angle of attack o, which 1s the angle between
a body longitudinal axis 1520 and the velocity vector V. The
normal force F,; acts at the center of pressure X .

One or more tail fins 1524 can be used to add aerody-
namic stability, but the time constants associated with these
tail fins generally are not fast enough to stabilize the KV 400

during its short tlight time. Instead, or 1n addition to the tail
fins 1524, a plurality of small micro-thrusters 1604 (FIG.
16A) are added to the nose thruster module 620 (FIGS. 4 and
16A) to implement an active attitude control. This 1ntro-
duces F , at location X,,.

FIGS. 16 A and 16B illustrate a nose thruster module 620.
The nose thruster module 620 may include a plurality of
pitch thrusters 622 and a plurality of attitude control thrust-
ers 1604. FIG. 16A 1illustrates a plurality of cylinders 1606
and 1608 configured for storing propellant grains. The larger
cylinders 1606 correspond to the pitch thrusters 622 while
the smaller cylinders 1608 correspond to the attitude control
thrusters 1604. FIG. 16B 1illustrates a plurality of nozzles
1610 and 1612, each configured to divert a flow from one of
the plurality of cylinders 1606, 1608. Thus, the combination
of cylinders 1606 and nozzles 1610 create the pitch thrusters
622 and the combination of cylinders 1608 and nozzles 1612
create the attitude control thrusters 1604.

Referring again to FIG. 15, The various moments
described earlier may cause the KV 400 to become unstable
and likely to tumble without stabilization. Maintaining the
angle of attack o within a nominal 10 to 20 degrees 1s usetul
to maintain the divert thrusters 612 normal to the velocity
vector V for proper guidance maneuvering and in directing,
the warhead 440 blast toward the RPG at the point of
detonation.

FIG. 17 1s a simplified block diagram of an attitude
control loop 1700. The EMM 900 radar generates position
d..,- and velocity V., track data for the KV 400 and sends
this information to the KV 400 via a command link radio

(CLR) 1706. The E

EMM 900 radar also transmits a roll angle
¢+ via a transmit antenna 1804 (FIG. 18) to the CLR 1706
to the KV 400 over the CLR 1706. A Joint Adaptive
Polarization and Roll Angle Estimator (JAPRAE) algorithm
1710, resident 1n the KV 400, processes the polarized CLR
1706 signal received by two orthogonal linear receive anten-
nas 1802 (FIG. 18) on the KV 400 to estimate a roll angle
¢ - of the KV 400. An onboard Inertial Management Unit

(IMU) 1714 measures an acceleration a, and an angular
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velocity mz-of the KV 400. This information 1s processed
by an Extended Kalman Filter (EKF) 1720 to generate fused
estimates of the position dg,, velocity V., attitude [~
0,1, Wy, and angular velocity w,,- of the KV 400.

The Attitude Control Algorithm 1730 1s designed to fire
the nose mounted attitude control thrusters 1604 to maintain
the angle of attack o (FIG. 15) within preset limits. Once 1t
1s determined that an attitude correction thrust 1s required,
the Attitude Control Algorithm 1730 selects the next avail-
able attitude control thruster 1604 that comes 1nto position
due to the body spin at operational block 1732, and times the
firing to coincide with the desired direction of thrust at
operational block 1734. The Attitude Control Algorithm
1730 maintains knowledge of which attitude control thrust-
ers 1604 have been fired and which are available at opera-
tional block 1736.

The KV 400 has an onboard IMU 1714 that measures the

angular rate and acceleration. The IMU 1714 may 1nclude a
set of 3-axis gyros, 3-axis accelerometers, 3-axis magne-
tometers, and a Field Programmable Gate Array (FPGA) to
partially process the sensor information. The sensors may be
solid-state MEMS that are machined on a small circuit
board. The IMU 1714 also includes an FPGA that contains
the EKF 1720 to fuse the output of the sensors mto 3-di-
mensional position, velocity, angular velocity and attitude.

FIG. 18 1s a simplified flowchart of the Joint Adaptive
Polarization and Roll Angle Estimator (JAPRAE) algorithm
1710. The JAPRAE algorithm 1710 may process the CLR

1706 signals received, for example, by orthogonal linearly
polarized receive antennas 1802, to adapt the two receive
signals 1n a beam former 1806 (also referred to herein as “the
dual polarized receiver 1806”") to match the incoming polar-
ization to eliminate polarization mismatch loss induced by
body rotation. The JAPRAE algornithm 1710 also processes
the CLR 1706 signals received to provide an estimate of the
KV 400 roll angle 'ff)m.

The electric vector field of a propagating signal can be
represented by a pair of orthogonal components:

p1(1) (1)

UIPEIEEMDI
pa (D) e

L (1) = [Hm:.;z&l - er.;gaz][ }EHEE{”GI =

where u,, and v, are orthogonal unit vectors that define
the direction of the electric field components, p, (t) and p,
(t) are the complex components of a unit vector that define
the projection of the electric field vector on the basis vectors,
and U and p are the matrix of basis unit vectors and the
polarization vector, respectively. Similarly, the polarization
of an antenna can be defined by a 2x1 complex vector . The
signal received by an antenna with polarization q from a
signal with polarization p 1s simply the mmner product of p
and q:

X, ()=q()“p(OE(r)e™ (2)

If polarizations p and g are defined in different coordinate
systems, U, and U__, then (2) becomes:

X (0)=q () U, Upp(DE(2)e™ (3)

Assume the polarization of a source antenna 1804 and the
receive antennas 1802 can be represented as p, and g_ 1n
terms ol a natural antenna coordinate system. Let A, (t) and
A (1) be the time varying coordinate transformations from
the natural coordinate system to some inertial system. In this
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system the electric field vector and receiver polarization
vectors are given by:

E (0)=A4,(1) UmpoE(r)EiB(r)

q()=4,.)U,.4.,. (4)

Then, becomes:

xrx(r) ZQGHHFJ{TAFIT(I)AH(I) Unp GE(I)EIB&) (3)

In the JAPRAE system 1710 there are two orthogonal
receive antennas 1802, with polarizations q_, and q_,. Thus,
the signal generated at the iput of the dual polarized
receiver 1806 1s given by:

g UT AT (0,0A (0 Ui po (4)
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X (1) = [
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In equation (4) the transformations are explicitly repre-
sented as rotations of the transmitter ¢, and receiver ¢,
around the line of sight. In the case where the transmuit
antenna 1804 and the receive antennas 1802 are linearly
polarized, 1t can be shown that this reduces to the following
form:

cos(0)
—s1n{0)

CGS(Qf’Ix _ ‘;bm:) (5)

. ]E(r)e*fﬁ“) = [
~sin(ge — ¢)

X, (1) = [ }E(r}ﬁﬁ(”

Consider a signal y(t) generated by performing a rotation
on the vector x(t).

cos(0) (3)

—s1n{0)

Vixl (I) }

_ cos(d) —sin(d) [
yr:::Z(I)

]E(r)e‘ﬁ(”

Ye(l) = [ . 5

- sin(o) cos(0) |
_ cos(d)cos(d) + sin(d)sin(d) _ .
E(1)e?

_ sin(8)cos(8) — cos(d)sin(d) _

ms(cﬁ — c‘i) E(r)ﬁﬁm

_ sin(gi — 5) _

Note that if =93, y, ,=Ee®® and y,_=0. This amounts to
a case where vy, -, 1s the output of a beamiormer that matches
the polarization of the incident signal to maximize the
receive signal power. It can be shown that this also maxi-

mizes the signal-to-noise ratio.
Now form the ratio of v2(k) to y1(k)

o — 8)E()e™™) (9)
Hi) = yrll) Sm(h JE@e = tan(0 — 6
Yrx1 (1) ms(tfi — c‘i)E (D)eih)
= tan(gi — 65)

This forms the basis for generating an error signal for an
adaptive polarization loop.

yz(f)) (10)

es(1) = 3(1) = 6(1) = tan_l(m

FI1G. 19 1llustrates the JAPRAFE algorithm 1710 (FIG. 17)
in the form of a conventional servo loop 1900. The closed
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loop may force v, , to zero, hence d—9. Under closed loop
conditions, the KV 400 roll angle 1s estimated by:

0,..()=0,,.(1)-0(1) (6)

The transmitter roll angle, ¢, can be transmitted to the
KV 400 via the data link 1806.

FIG. 20 illustrates a non-limiting example of a set of
simulation results 2000 of the JAPRAE algorithm 1710

(FI1G. 17) tracking the roll angle of a KV 400 body spinning
on 1ts longitudinal axis 1520 (FIG. 15) at 2200 degrees per
second. A top plot 2002 of FIG. 20 illustrates an overlay of
true and estimated roll angles. A bottom plot 2004 illustrates
a difference or error between the overlay of true and esti-
mated roll angles. The set of simulation results 2000 are
shown without additive noise and 1llustrate the performance
of the servo loop 1900 (FIG. 19).

Note that the solution for equation 10 1s ambiguous by
radians. Therefore, the loop 1900 of FIG. 19 should be
initialized near the correct angle to avoid the ambiguity.

A Kalman Filter methodology 1s used to fuse the sensor
data. The translational motion i1nvolves a set of linear
equations and the conventional Kalman Filter (KF) can be
used, whereas the rotational motion involves a set of non-
linear equations and the conventional Extended Kalman
Filter (EKF) can be used.

A 9x1 discrete time translational motion state vector, x(k),
includes 3-D spatial components comprising a position
vector, d(k), a velocity vector, v(k), and an acceleration
vector, a(k), as follows:

x(k)=[d" (k),v" (k).a* (k)] (12)

Transition and measurement equations include a transi-
tion matrix, F,, a plant noise coupling matrix, G,, a mea-
surement matrix, H,, state transition noise w, and measure-
ment noise v,.

X, =L X +Gow,

(13)

The state transition noise w, 1s 1.1.d. zero mean Gaussian
with covariance R,, and the measurement noise v, 1s also
1.1.d. zero mean Gaussian with covariance Q,. The subscript
k 1ndicates the variables might be time varying.

The expanded form of these equations 1s given by:

Z,=H X, +v;

(7)

A1 [ Tl 05T?L|[de ] [0.5T2h || was
Virl [ =03 I T.1; Vi |+ 115 Wy &
dgpy1 ] | O3 O L |lal | I | Wiwa k|
Zax | [f3 Us O[] [Vvax
v |=|Us I3 Oz || v |+ Vs
Zak | LUs O3 B3 flag | | vag

where T 1s the sample interval and I; and 0, are 3x3 unity
and zero matrices, respectively.

The Kalman filter 1720 (FIG. 17) involves two acts: the
projection act and the update act.

The projection act 1s given by:

Xirea1 L% 11

Pklk+l:Fkﬁk—llk—leT+GkaGkT (15)

The update act 1s given by:
7 Ty £ T _1
Ly =P " [Hp Py .7 +R, ]
Xt Xy g2~ H X 5 ]

pﬁclk:ﬁklk—l_ﬁ’klk—lHkT[Hkﬁklk—IHkT+Rk]_IHkTﬁklk—lT (16)



US 9,551,552 B2

21

The 9x1 discrete time translational motion state vector,
x(k) comprises 3-D spatial components including attitude,
0(k), and angle rate, m(k). An overbar 1s used to distinguish

the rotational variables from the translational variables:
x(k)=[6" (k)0 (k)]* (17)

The transition and measurement equations have a similar
form as the translational equations except the transition
equation 1s nonlinear.

Ek+ 1 :_;C(J’k) "‘Gfﬁk

(18)

The transition noise, w, is i.1.d. zero mean Gaussian with
covariance R, and the measurement noise v, is i.i.d. Gauss-
ian with covariance Q.. The nonlinear property is shown in
the expanded form.

} - [ [z TB(6) Hxa,k
| 04 I3 X wik

Zpp1 YV

(8)

[ X g4+l

B +

X (w,k+1

T.;ﬁ,k [ 1 O 0 0 0 0 }[ Tg’k _V_E‘,k }
= +

Tk U3 I Xk Vwk

The nonlinear matrix B(0,) converts angle rate to Fuler
angle rate and 1s given by:

1 sin({@)tan(f)) cos(p)tan(d) |

BO)=|0 cos(d)  —sin(@)
O sin(g)sec(d) cos(@)sec(d) |

(20)

The EKF method 1s similar to the KF method except the
transition equation 1s linearized using the Jacobian.

OF (vi) OF () (21)

e dw

_ 9F
F = k_(yk) _
ﬁxk

The two derivatives are:

B 1 + Ty(cos(@)tan(B)w, ;. — sin(p)tan(@)ew, ;)
’ F; (ka) — - TSSin(Qﬁ)wy,k - TSCDS(';b)wz,k
- Ti(cos(@)sec(O)w, ;. — sin(@)sec(B)w, )
OF () _ T.B(6,)
dw

From this point on, the EKF method 1s similar to the KV
method using the linearized components.
The projection step for the EKF 1s given by:

Xitra1 X151

2 rlfer1 £ ;E v 1 F GO G (22)
The update step for the EKF 1s given by:

Li=Lsu B TH Ly H TR

K= F X1 L 23 H K o |

PriPuscr=Pris i [Hil i R H Py (23)
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FIGS. 21, 22, and 23 illustrate sets of simulation results
of the EKF fusion algorithm using the EMM 900 radar,
JAPRAE 1710 and IMU 1714 (FIG. 17) mputs for a typical
KV 400 tlight profile. FIG. 21 1llustrates position results of
the simulation. A top plot illustrates true position values, a
middle plot illustrates estimated position values, and a
bottom plot illustrates position error. An X position 1s 1ndi-

cated by solid lines or blue lines, a y position 1s indicated by
dotted lines or green lines, and a z position 1s indicated by
dashed lines or red lines.

FIG. 22 illustrates velocity results of the simulation. A top
plot illustrates true velocity values, a middle plot illustrates
estimated velocity values, and a bottom plot illustrates
velocity error. An x velocity 1s indicated by solid lines or
blue lines, a y velocity 1s indicated by dotted lines or green
lines, and a z velocity 1s indicated by dashed lines or red
lines.

FIG. 23 illustrates attitude results of the simulation. A top
plot 1llustrates true attitude values, a middle plot illustrates
estimated attitude values, and a bottom plot i1llustrates atti-
tude error. An x attitude 1s indicated by solid lines or blue
lines, a y attitude 1s indicated by dotted lines or green lines,
and a z attitude 1s indicated by dashed lines or red lines.

FIG. 24 illustrates an attitude control loop 2400. The
attitude control loop 2400 utilizes an uplink and onboard
EKF outputs to compute firing commands to the plurality of
Attitude Control Thrusters (ACT) 1604 to maintain the KV
400 body axis 1520 aligned with the velocity vector V (FIG.
15). )

In FIG. 24, d,,. and V., are projectile position and
velocity vectors 1n the North-East-Down (NED) frame.
[® 21 Oz Piryp] are body Euler angles and w,;-1s body rate
vector. The projectile mass, CG location and 1nertia tensor
are updated whenever there 1s a divert thruster 610 or an
attitude thruster 1604 firing. The attitude control loop 2400
may include an Attitude Control Algorithm 2402. The Atti-
tude Control Algorithm 2402 may compute how much
attitude control thrust 1s needed at the attitude thruster
station 620 and which direction the thrust centroid should
point to. If the Attitude Control Thrust (ACT) exceeds a
certain fraction of the ACT force, then the algorithm may
initiate a command to fire an ACT. The Attitude Thruster

Select function then searches for an ACT to fire at opera-
tional block 2404. If the selected ACT 1s at the desired

0

ignition position, the Attitude Thruster Fire Control elec-
tronics squib the selected ACT to fire at operational block
2406. Otherwise, the process exits the control loop. Finally,
the Attitude Thruster Units Remaining function 2410 keeps
track of which ACTs are spent and which are available for
use. This mnformation 1s fed back to the Mass Property
Estimator function 2412 and the Attitude Thruster Select
function 2404.

Operation may be as explamned in acts 1 through 12
below:

Act 1: The onboard EKF algorithm tracks the projectile

yvaw (Y xp), pitch (0,,) and roll (w,.,) attitude angles. These
angles are used to compute the NED to body directional
cosine matrix C,” as
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1 0 0 cosbgy 0 —sinfgy (24)
Co=|0 cospg, sindg, |-| O 1 0
0 —singy, cospgy | | sinfgy O cosbgy |
_ cosifpy sy, O _
—sim}w ms;&w 0
0 0 1 |

Act 2: The projectile velocity in the NED frame, V., is
tracked by EMM 900 radar and uplinked to the projectile via
RF communication links. The velocity 1s then transformed
into the body frame.

ﬁKVb :Cnb ' erV (25)

Act 3: The total angle of attack ¢, ., and aecrodynamic roll
angles ¢__ 1s then computed. The total angle of attack
should be small at all times. The aerodynamic angle tells
where the total angle of attack 1s relative to the body roll
axis.

( ) i ) . ) (26)
Viy(2) + Vi (3)
Xrotal = tan_l b
\ Vﬁiv(l) /
~ b 3
_ tanl[ VKV (2)
Paero = b
Viky (3))

Act 4: The attitude changing rate cannot be measured for
the purpose of rate feedback, but the synthetic rates may be
derived by using the relationship between the attitude rate
and the estimated body rates and attitude angles as

II)KV:((I}KV(Z)SiH J)KﬁéKV(3)CGS J)KV)SEE'@KV
éKV:(bKV(z)CGS &)Kr(bKV(3)SiH &)KV

‘i)KV:'i‘KV(l )'HI)KV sin éKV (27)

Act 5: Compute the KV 400 heading and flight path

angles 1n the NED frame. These are the desired body yaw
and pitch attitude angles that we want to control. Note that
the body roll angle 1s free.

Vv (2)] (28)
Viy (1)

'

( - Vv (3) H

—1
wﬂmd = tan (

|

Qﬂmd = tan

- > - 2
k\/vﬁlf’(l) + Vgy(2)

Act 6: Compute attitude error by subtracting the estimated
attitude angles from the commanded attitude angles above.

This error 1s then multiplied by a proportional gam K .
to form attitude angle rate command.

lbcmd:Kp?aurer(lpcmd_ﬂ)KV)

écmd:Kp?aurer(ecmd_éKV) (29)

Act 7: Compute attitude rate errors by subtracting the
attitude rate derived 1n Act 4 above from the rate commands
above. These rate errors are multiplied by a proportional
gain K to form attitude acceleration commands.

JRHEF

TIJ crd :Kpﬁfnn er (IIJ crd _II)K V)

(9)

é crdd :Kp,inner(ecmd_ GKV)
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FIG. 25 illustrates a controller input-output topology. The
yaw and pitch commands are derived from Act 3. The
estimated body attitude angles, Fuler, and body rates, w, are
provided by the JAPRAE algorithm 1710. The controller
gain Kp_ . and Kp,  are to be optimized for various
engagement scenarios. The symbol FEuler, represents the
Euler rate vector [y, Oy ®xp]. Fuler,, represents the
Euler acceleration vector [y, 0.0 ¢]. And, F_ is the
output of the controller containing the magnitude of the
attitude thrust force command and 1ts orientation relative to
the body roll axis 1520. The function that computes the force
command 1s described 1n Acts 8 through 10.

Act 8: Because the air vehicle 1s aerodynamically unstable
at all thight regimes, angle of attack will grow 11 unchecked.
For this reason, the acrodynamic moment to be countered
must be estimated, in addition to the moment needed to
produce the attitude acceleration of Act 7. The estimation 1s
done by storing a complete set of acrodynamic coetlicient
tables on board the projectile and computing the total
yawing and pitching moments about the estimated CG
location on the flight. The algorithm to estimate the KV 400
mass, CG location and 1nertia tensor will be described below
with respect to FIG. 27. The total aecrodynamic moment in
the body frame, 1gnoring the rolling moment, may be
computed as:

0 (31)
M? = Qsd{ Cin
o

Coo = Xcp—Xco)=Cn + Cong G + CaZce

Ch=Xcp—Xca)xCy +C,,F —Cs¥Ycq

Where:
Q 1s dynamic pressure
S 1s reference area
d 1s reference diameter
C_ 1s total pitching moment coeflicient
C, 1s total yawing moment coeflicient)
X ~» 1s normalized center of pressure location along the
body x-axis
X - 1s normalized center of gravity location along the
body x-axis
Y . is CG offset from the body x-axis
7 1s CG offset from the body x-axis
C , 1s axial drag-force coetlicient
C,, 1s normal force coethicient
C,, 1s lateral torce coetlicient

C . 1s pitch damping coeflicient

fHl

C,, yaw damping coetticient

q is normalized pitching rate

r is normalized yawing rate.

Act 9: The stantaneous moment about the CG location
required to produce the attitude acceleration which will
force the body to align with the velocity vector V (FIG. 15)
can now be calculated as:

0 0 0 0 (32)
M g = — 0 _Sinéfﬂf' _CDS‘E’KV c2 ¢f;.
|0 —cospyy  sinpgy [\ €3
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I 1s the estimated moment of inertia about the lateral axis
and ¢, and ¢, are computed as:

C>=C08 O SN O p0 1A g7~ (W A 2)COS Prp—
W A3 )8 @ grp P gy~ ~
L gp{1)0gpd3 )10 Qrpt
WAl )W gpA2)cos Pgypr

CSZGGmﬁ((BEV(Z)SiIl &)KﬁfbKngj)CDS '[;)KV)q‘)KV_
AL )0 (1)0xp(3)c08 Prypm
WA )0 gp(2)8n Prpr
I denotes the estimated moment of nertia about the roll
axis.
Act 10: Given the estimated CG location, X -, and the
attitude nozzle location, X ,~, we can convert the above
moment command to thrust force command as:

(33)

r 0 \ (34)
Fomt =4 Mona(®) - MP3) {1
Xar — Xce
\ _Mﬂmd(z) + Mb(z) }
The magnitude of this command 1s:
Fraraf:HFvcde (35)

And, the roll orientation relative to the body y-axis 1s:

(36)

chd(?’) ]

_ —1
Pemd = 120 (Fﬂmd(z)

Act 11: If the thrust force command, F, , ,, 1s greater than
a threshold value, usually a fraction of the attitude thruster
force, a thruster search algorithm may be mnitiated to find a
thruster to fire. Otherwise, no attitude thruster may be fired.

FI1G. 26 1llustrates an example of a search procedure that
may be used to find a thruster to fire. A plurality of attitude
thrusters 1, 2, 3, 4, 5, 6, 7, and 8 are shown with circles. A
white circle, such as attitude thrusters 1, 4, 6, and 8, indicates
the attitude thruster has been spent. A shaded circle, such as
attitude thrusters 2, 3, 5, and 7, indicates the attitude thruster
has not been spent.

From Act 3, a total angle of attack 1s found between the
body x-axis and the velocity vector V” and the aerodynamic
angle relative to the body z-axis. To reduce the total angle of
attack, an attitude thruster may be fired 180 degrees opposite
to ¢__.. such that the resultant force F pushes the body nose
toward the velocity vector. Knowing the duration of the
attitude thruster burn and time delays from the thruster
command generation to actual thruster 1gnition, may enable
calculation of the proper roll angle to 1ssue the attitude
thruster squib command. If there happens to be an attitude
thruster at the right place at the moment, that thruster will be
selected to fire. For example, in FIG. 26, attitude thruster
number 8 1s about to reach the 1gnition command position;
but i1t has already been spent, so it can’t be selected. Thruster
number 7 1s available but 1t’s too soon to be fired so 1t waill
not be selected, either. However, as the KV 400 precesses
and nutates, the ignition command angle ¢,,,;; .., and
thruster number 7 may line up and be selected to fire.

Act 12: The attitude control loop may keep track of which
attitude thrusters are available to use 1n an availability list.
When a certain attitude thruster 1s commanded to fire, 1t 1s
removed from the availability list.

Because of the high mass ratio of the divert thruster 610
and the attitude thruster 1604 propellants to the KV 400 total
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mass, the CG location and the 1nertia tensor will migrate as
any divert thruster 610 or an attitude thruster 1604 1s firing.
This 1s the so-called CG migration problem and 1t becomes
more 1mportant toward the end of tlight when most of the
thrusters are spent.

FIG. 27 illustrates a mass and CG location update algo-
rithm 2700. The mass and CG location update algorithm

2700 may be configured to update the total mass, CG
location and inertia tensor as a divert thruster 610 or attitude

thruster 1604 1s firing. The definitions of the symbols are:

m.=i"" thruster mass burn rate<0
r=i, thruster C'G location

m=total mass

r~=Cg location

I,,=Inertia tensor element xy (37)
The following equations are computed recursively:
Am; =y -dr < O (38)

m(f; ) = m(f_1) + Am,

m(t—1 rea(ty—1) + Amyr;

m(i )
La(t) = La(tic) = ) Amy(y} +27)

Ly() = Ly (G ) = ) Ayl + )

reg(r) =

Le(i) = Iti1) = ) Ami(aF + y7)
Ly(i) = Ly () + ) Amixy;
Lo (t) = Lip(f—1 ) + Z Am;x;3;

L () =1, (1) + Z Am;y;z;

To a large extent, this detailed description has focused on
a particular type of intercept vehicle (e.g., the eject vehicle
400). However, engagement management systems described
herein may be used with many types of intercept vehicles
400 1n which the engagement management system can track
the intercept vehicle 400, alter the course of the intercept
vehicle 400, determine when to detonate the intercept
vehicle 400, or combinations thereof using commands com-
municated between the engagement management system
and the intercept vehicle 400.

Moreover, while embodiments of the present disclosure
may be particularly suitable for use on aerial platiorms, they
may also be used 1n other types of mobile platforms like
ground-based mobile platforms such as, for example, tanks,
armored personnel carriers, personnel carriers (e.g., Humvee
and Stryker vehicles) and other mobile platforms capable of
bearing embodiments of the present disclosure. Moreover,
embodiments of the present disclosure may be used for
relatively stationary ground-based personnel protection
wherein a mobile platform may not be mvolved. Accord-
ingly, embodiments of the disclosure are not limited to aerial
applications.

While the present disclosure has been described herein
with respect to certain illustrated embodiments, those of
ordinary skill in the art will recognize and appreciate that the
present invention 1s not so limited. Rather, many additions,
deletions, and modifications to the illustrated and described
embodiments may be made without departing from the
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scope of the invention as hereinaiter claimed along with
theirr legal equivalents. In addition, features from one
embodiment may be combined with features of another
embodiment while still being encompassed within the scope
of the mvention as contemplated by the inventor.

What 1s claimed 1s:

1. An ¢ject vehicle for disposition 1 and ejection from a
dispenser, the eject vehicle comprising:

a plurality of pitch thrusters configured to perform a pitch
maneuver to generate a perpendicular force on the eject
vehicle relative to a longitudinal axis of the eject
vehicle after ejection of the eject vehicle to rotate and
substantially align the eject vehicle with an intercept
vector pointed toward an interception point for an
identified aerial threat:

a rocket motor configured to perform a thrust maneuver to
accelerate the eject vehicle along the longitudinal axis
of the gject vehicle;

one or more divert thrusters configured to perform a divert
maneuver on the eject vehicle 1 a direction substan-
tially perpendicular to the intercept vector; and

two orthogonal linearly polarized receive antennas, out-
puts thereol being adaptively combined to match
incoming polarization of received signals to substan-
tially eliminate polarization mismatch loss induced by
body rotation of the ¢ject vehicle.

2. The ¢ject vehicle of claim 1, wherein the one or more
divert thrusters are further configured to compensate for an
expected high pressure region forward of the divert thrusters
and an expected low pressure region aft of the divert
thrusters.

3. The eject vehicle of claim 1, further comprising a
plurality of attitude control thrusters positioned forward or
ait of the eject vehicle center of gravity and configured to
make adjustments to an attitude of the ¢ject vehicle when
activated.

4. The eject vehicle of claim 3, further comprising an
clectronics module configured for performing an attitude
control algorithm to use a determination of an angle of attack
of the eject vehicle to determine an appropriate time to fire
an attitude control thruster of the plurality of attitude control
thrusters to adjust the attitude of the eject vehicle to a desired
orientation.

5. The eject vehicle of claim 1, further comprising an
inertial management unit configured to determine at least
one of acceleration, velocity, and position information in at
least an angular coordinate of the eject vehicle responsive to
one or more sensors selected from the group consisting of
accelerometers, gyros, and magnetometers.

6. The eject vehicle of claim 5, further comprising an

clectronics module for performing a Joint Adaptive Polar-
ization and Roll Angle Estimator (JAPRAE) configured to
determine a roll estimation by synthesizing information
from the two orthogonal linearly polarized receive antennas
and information from the inertial management unit.

7. The eject vehicle of claim 6, wherein the JAPRAFE 1s
configured to determine the roll estimation using an
extended Kalman filter.

8. The eject vehicle of claim 5, further comprising an
clectronics module for performing a Joint Adaptive Polar-
ization and Roll Angle Estimator (JAPRAE) configured to
adaptively combine the signals from the two orthogonal
linearly polarized receive antennas to match the polarization

of the mcident signal.
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9. The ¢ject vehicle of claim 1, further comprising:

an 1mpulse cartridge configured to fire responsive to a
command from an aerial platform bearing the e¢ject
vehicle; and

an ejection piston configured to propel the eject vehicle

away from the aerial platform responsive to the firing
of the impulse cartridge.

10. The eject vehicle of claim 1, further comprising a
warhead configured to detonate when the eject vehicle 1s
away from the dispenser and within a predetermined range
of the identified aerial threat.

11. A method of intercepting an aerial threat, comprising:

ejecting an eject vehicle from a dispenser;
performing a pitch maneuver with a plurality of pitch
thrusters of the eject vehicle to align the eject vehicle
along an intercept vector pointed substantially toward a
projected mtercept point with an identified aenal threat;

performing a thrust maneuver with a rocket motor of the
¢ject vehicle to accelerate the eject vehicle;

performing a divert maneuver with one or more divert
thrusters of the eject vehicle to divert the eject vehicle
from the intercept vector one or more times after
commencement of accelerating the eject vehicle to
adjust a course of the eject vehicle to align the eject
vehicle along an updated intercept vector; and

processing received signals from two orthogonal linearly
polarized receive antennas to match incoming polar-
1zation of the received signals to substantially eliminate
polarization mismatch loss induced by body rotation of
the eject vehicle.

12. The method of claim 11, further comprising compen-
sating for an expected high pressure region forward of the
divert thrusters and an expected low pressure region aft of
the divert thrusters when diverting the eject vehicle.

13. The method of claim 11, further comprising making
adjustments to an attitude of the eject vehicle with a plurality
of attitude control thrusters positioned near a front or rear of
the eject vehicle.

14. The method of claim 13, further comprising perform-
ing an attitude control algorithm using a determination of a
roll estimation of the eject vehicle to determine an appro-
priate time to fire an attitude control thruster of the plurality
of attitude control thrusters to adjust the attitude of the ¢ject
vehicle to a desired orientation.

15. The method of claim 11, further comprising deter-
mining at least one of acceleration, velocity, and position
information in at least an angular coordinate of the eject
vehicle with an 1nertial management unait.

16. A method of intercepting an aenal threat, comprising:

ejecting an eject vehicle from a dispenser;

performing a pitch maneuver with a plurality of pitch

thrusters of the eject vehicle to align the eject vehicle
along an intercept vector pointed substantially toward a
projected intercept point with an identified aernal threat;
performing a thrust maneuver with a rocket motor of the
¢ject vehicle to accelerate the eject vehicle;
performing a divert maneuver with one or more divert
thrusters of the eject vehicle to divert the g¢ject vehicle
from the intercept vector one or more times after
commencement of accelerating the eject vehicle to
adjust a course of the eject vehicle to align the eject
vehicle along an updated intercept vector;
determining at least one of acceleration, velocity, and
position information 1n at least an angular coordinate of
the eject vehicle with an inertial management unit; and
performing a Joint Adaptive Polarization and Roll Angle
Estimator (JAPRAE) to determine a roll estimation by
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synthesizing information from two orthogonal linearly

polarized receive antennas and information from the

inertial management unit.

17. The method of claim 16, wherein performing the
JAPRAE further comprises determiming the roll estimation
with an extended Kalman filter.

18. An active protection system for an aernal platform,
comprising;

an onboard system on an aerial platform comprising one

or more sensor modules, the onboard system config-

ured to:

detect a plurality of aerial vehicles within a threat range
of the aerial platiorm:;

determine 1f any of the plurality of aerial vehicles 1s an
aerial threat;

determine an intercept vector to the aerial threat, the
intercept vector pointed toward a projected 1ntercep-
tion point of an 1dentified aenal threat;

communicate with at least one eject vehicle responsive
to determining the intercept vector; and

the at least one eject vehicle configured to be ejected from

the aenal platform, the at least one eject vehicle com-

prising:

a plurality of pitch thrusters configured to adjust a pitch
of the at least one eject vehicle relative to the
intercept vector to rotate a longitudinal axis of the at
least one eject vehicle to substantially align with an
intercept vector; and

a rocket motor configured to accelerate the at least one
¢ject vehicle along the longitudinal axis of the at
least one eject vehicle; and

one or more divert thrusters configured to divert the at
least one eject vehicle 1 a direction substantially
perpendicular to the longitudinal axis of the at least
one eject vehicle.

19. The active protection system of claim 18, wherein:

the onboard system 1s further configured to:

track the at least one eject vehicle as 1t moves along the
intercept vector;

determine a diversion vector 1n a direction substantially
perpendicular to a travel direction of the at least one
¢ject vehicle; and

communicate a divert command to the at least one eject
vehicle responsive to determining the diversion vec-
tor; and

the at least one eject vehicle 1s further configured to

activate at least one of the one or more divert thrusters

responsive to the divert command.

20. The active protection system of claim 18, wherein the
at least one eject vehicle further comprises a plurality of
attitude control thrusters positioned near a front of the at
least one eject vehicle and configured to make adjustments
to an attitude of the at least one eject vehicle when activated.

21. The active protection system of claim 20, wherein the
at least one eject vehicle further comprises an electronics
module configured for performing an attitude control algo-
rithm to use a determination of a roll estimation of the at
least one ¢ject vehicle to determine an appropriate time to
fire an attitude control thruster of the plurality of attitude
control thrusters to adjust the attitude of the at least one ¢ject
vehicle to a desired orientation.

22. The active protection system of claim 18, wherein the
at least one eject vehicle further comprises two orthogonal
linearly polarized receive antennas to match incoming polar-
ization of received signals to substantially eliminate polar-
ization mismatch loss induced by body rotation of the at
least one eject vehicle.
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23. The active protection system of claim 22, wherein the
at least one eject vehicle further comprises an inertial
management unit configured to determine at least one of
acceleration, velocity, and position information in at least an
angular coordinate of the at least one eject vehicle respon-
sive to one or more sensors selected from the group con-
sisting ol accelerometers, gyros, and magnetometers.

24. The active protection system of claim 23, wherein the
at least one eject vehicle further comprises an electronics
module for performing a Joint Adaptive Polarization and
Roll Angle Estimator (JAPRAE) configured to determine a
roll estimation by synthesizing information from the two
orthogonal linearly polarized receive antennas and informa-
tion from the inertial management unit.

25. The active protection system of claim 24, wherein the
JAPRAE 1s configured to determine the roll estimation using
an extended Kalman filter.

26. The active protection system of claim 18, wherein the
onboard system 1s configured to communicate directional
coordinates of the intercept vector to the at least one eject
vehicle.

277. The active protection system of claim 18, wherein the
onboard system 1s configured to communicate pitch com-
mands derived from the intercept vector to the at least one
eject vehicle.

28. The active protection system of claim 18, wherein the
onboard system 1s configured to communicate information
associated with the intercept vector to the at least one eject
vehicle at least one of before ejection or after ejection of the
at least one eject vehicle.

29. An ¢ject vehicle for disposition in a dispenser of an
active protection system, comprising:

an airframe shell containing a warhead,;

a nose portion attached to the airframe shell;

a rocket motor removably attached to the airframe shell
and configured to accelerate the eject vehicle along an
intercept vector and to detach from the airframe shell
upon exhaustion; and

a plurality of attitude control thrusters attached to the nose
portion of the eject vehicle and configured to rotate a
longitudinal axis of the eject vehicle about an axis
orthogonal to the longitudinal axis of the eject vehicle,

wherein each attitude control thruster of the plurality of
attitude control thrusters 1s configured to rotate the
longitudinal axis of the eject vehicle a first amount
within a first range of angles while the rocket motor 1s
attached to the airframe shell, and

wherein each attitude control thruster of the plurality of
attitude control thrusters 1s configured to rotate the
longitudinal axis of the eject vehicle a second amount
within a second different range of angles aiter the
rocket motor has detached from the airframe shell.

30. The eject vehicle of claim 29, wherein the plurality of
attitude control thrusters comprises a plurality of micro-
thrusters.

31. The eject vehicle of claim 29, wherein the plurality of
attitude control thrusters 1s configured to adjust a velocity
vector of the eject vehicle.

32. An active protection system for a platform, compris-
ng:

at least one eject vehicle for disposition 1n a dispenser on
the platform, the at least one eject vehicle comprising:
an airframe shell containing a warhead;

a nose portion attached to the airframe shell and
including a plurality of thrusters for controlling a
pitch and attitude of the at least one eject vehicle; and
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a rocket motor attached to the airframe shell and
configured to accelerate the at least one eject vehicle
along an intercept vector upon launch from the
dispenser; and

a computing system 1n communication with at least one
engagement management module onboard the platform
and the at least one ¢ject vehicle, the at least one
engagement management module configured to detect
an aerial vehicle within a threat range of the platform,

wherein the computing system 1s configured to:
determine it the aerial vehicle 1s an aerial threat:;
transmit a launch command to at least one eject vehicle
to be launched from the platform to intercept a
determined aerial threat; and

transmit guidance commands to the at least one eject
vehicle while the at least one eject vehicle 1s 1n flight
along the intercept vector for itercepting the deter-
mined aenal threat, and

wherein the computing system includes at least one

thruster module configured to control 1gnition and use
of the plurality of thrusters of the at least one egject
vehicle 1n order to maintain thrust for the at least one
eject vehicle throughout an intercept operation.

33. The active protection system of claim 32, wherein the
computing system 1s configured to maintain a count of
which thrusters of the plurality of thrusters have already
been fired and a count of which thrusters of the plurality of
thrusters remain available to fire.

34. The active protection system of claim 32, wherein the
plurality of thrusters comprises a plurality of attitude control
thrusters configured to maintain an angle of attack of the
eject vehicle while the eject vehicle 1s 1n flight toward the
interception point.

35. The active protection system of claim 32, wherein the
plurality of thrusters comprises a plurality of divert thrusters
configured to divert the eject vehicle 1n a direction at least
substantially perpendicular to the intercept vector.

36. The active protection system of claim 32, wherein the
plurality of thrusters comprises a plurality of pitch thrusters
configured to rotate a longitudinal axis of the at least one
eject vehicle to substantially align the longitudinal axis of
the at least one ¢ject vehicle with the intercept vector.

37. The active protection system of claim 32, further
comprising a plurality of micro-thrusters attached to the
nose portion of the at least one eject vehicle.

38. The active protection system of claim 32, wherein the
computing system 1s configured to determine how many
thrusters of the plurality of thrusters are required to intercept
the determined aerial threat based on a remaining total mass
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of the at least one eject vehicle, a center of gravity location
of the at least one eject vehicle, and an 1nertia tensor of the
at least one eject vehicle.

39. The active protection system of claim 32, wherein the
computing system 1s configured to update a remaining total
mass of the at least one eject vehicle, a center of gravity
location of the ¢ject vehicle, and an inertia tensor of the at
least one eject vehicle as the plurality of thrusters 1s fired.

40. The active protection system of claim 32, wherein the
computing system 1s configured to determine a closest point
ol approach of the at least one ¢ject vehicle and the deter-
mined aerial threat and to transmit a detonation command to
the at least one eject vehicle to detonate when the at least one
eject vehicle reaches the closest point of approach.

41. An ¢ject vehicle for disposition 1n a dispenser of an
active protection system, comprising:

an airframe shell containing a warhead, the airframe shell

comprising;:

a plurality of attitude control thrusters configured to
maintain an angle of attack of the eject vehicle
throughout an intercept operation;

a plurality of pitch thrusters configured to rotate a
longitudinal axis of the eject vehicle to at least
substantially align the longitudinal axis of the eject
vehicle with an 1ntercept vector; and

a plurality of divert thrusters configured to divert the
eject vehicle i a direction at least substantially
perpendicular to the intercept vector; and

a rocket motor removably attached to the airframe shell

and configured to accelerate the eject vehicle along the

intercept vector upon launch from the dispenser.

42. The eject vehicle of claim 41, wherein the plurality of
attitude control thrusters 1s positioned forward or aft of a
center of mass of the eject vehicle and oriented to generate
a force on the gject vehicle at least substantially perpen-
dicular to the longitudinal axis of the eject vehicle.

43. The ¢ject vehicle of claim 41, wherein the plurality of
pitch thrusters 1s positioned offset from a center of mass of
the eject vehicle and oriented to generate a force on the eject
vehicle at least substantially perpendicular to the longitudi-
nal axis of the eject vehicle.

44. The eject vehicle of claim 41, wherein the plurality of
divert thrusters 1s positioned proximate a center of mass of
the eject vehicle and oriented to generate a force on the eject
vehicle at least substantially perpendicular to the longitudi-
nal axis of the eject vehicle.

45. The ¢ject vehicle of claim 41, wherein the plurality of
attitude control thrusters and the plurality of pitch thrusters
are positioned proximate a nose portion of the eject vehicle.
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